ABSTRACT: In this study, we present a novel mechanism for NO loss from nitroalkyl radicals that circumvents the traditional higher-energy nitro−nitrite isomerization. We characterize the intrinsic reaction coordinate at the B3LYP/6-311++g(3df,2p) level of theory and calculate the transition-state energies using the G4 composite method; the subsequent dynamics en route to the highly exothermic NO + acetone product channel proceeds through a three-membered ring intermediate. Crossed laser-molecular beam scattering experiments on the 2-nitro-2-propyl radical confirm the importance of this new mechanism in determining the product branching.
T he decomposition mechanisms of nitroalkanes have been studied experimentally and theoretically for decades because of their relevance to a wide variety of chemistry ranging from atmospheric mechanisms to energetic materials. Nitroalkanes can undergo numerous dissociation events, but two of the most studied are NO 2 loss and NO loss. Loss of NO 2 tends to arise from simple C−N bond fission, but the production of NO is not as intuitive. The accepted mechanism for NO loss in nitroalkanes (and other nitroalkyl species) is isomerization to a nitrite intermediate followed by O−N bond cleavage; the energetic barrier to this isomerization also tends to be comparable to but higher than C−NO 2 fission. Interestingly, the local geometry (at the C−NO 2 group) of the nitro−nitrite isomerization transition state (TS) is very similar for a series of nitroalkanes, 1−6 2-nitropropene, 7 and nitroaromatics. 8 Early calculations on the nitro−nitrite isomerization TS in nitromethane were done by Dewar et al. 1 in 1985. Recently, high-level calculations on this TS in nitromethane are reported in refs 2 and 3 along with high-level energy calculations from previous work. The calculated TSs for nitroalkanes, all on neutral singlet species, all have relatively long (∼1.8−2.2 Å) C−O and C−N bonds; at the TS, these two bonds are usually close to equal lengths. The barrier energies for these TSs are calculated at 62.1 kcal/mol for 2-nitropropane, 64.0 kcal/mol for nitroethane (this value was originally reported in ref 5 at 60.7 kcal/mol but recalculated at a higher level of theory), and 67−70 kcal/mol for nitromethane. 2 In all of these compounds, simple C−NO 2 bond fission remains at ∼60 kcal/mol and tends to be lower than, or almost equal to, the barrier for nitro−nitrite isomerization. The nitro−nitrite barrier lowers in energy as the number of methyl groups bonded to the C−NO 2 increases. For example, in 2-nitropropane, these two barriers are almost equal (within ∼1.5 kcal/mol), but in nitromethane, the isomerization is much higher (∼10 kcal/mol). Although there are many different calculations for this isomerization in nitroalkanes, there are few calculations done specifically on the corresponding nitroalkyl radical species.
In this study, we demonstrate that the introduction of a radical at the nitroalkyl center unfolds a second mechanism for NO production that is substantially lower in energy than the traditional mechanism. Our calculations at the G4//B3LYP/6-311++g(3df,2p) level and supporting experiments 7 show that the 2-nitro-2-propyl radical (CH 3 C(NO 2 )CH 3 ) can produce NO via two distinct pathways. The first pathway is remarkably similar to the aforementioned traditional nitro−nitrite isomerization. For the traditional nitro−nitrite isomerization in nitromethane, the G4 method used here gives a barrier that differs by only 2.5 kcal/mol from that obtained using high-level multireference configuration interaction. 3 The geometry of the TS for this path (TS1) is shown in Figure 1 and contains C−O and C−N bond lengths of 1.94 Å with an energy of 62.5 kcal/ mol (corrected for zero-point energy, ZPE). Despite the radical center in the 2-nitro-2-propyl radical, these bond lengths are well within the expected range for a nitro−nitrite isomerization TS but slightly shorter than its analogue in 2-nitropropane (2.2 Å). Despite these similarities, the nitrite intermediate exists only as a shoulder on the radical potential energy surface (PES), not a local minimum, whereas nitrite intermediates are all local minima in nitroalkanes. The nitrite intermediate for the radical (INT1) has the standard C−O−NO bonding and is depicted in Figure 1 . The intrinsic reaction coordinate (IRC) calculation for this pathway ( Figure 2 ) shows that the reaction does not conclude at INT1 but rather continues on to the NO + acetone products. The high exothermicity of the NO + acetone products is a consequence of the CO moiety forming, which also turns what would have been a local minimum into a mere shoulder.
The second mechanism for NO production has no similarity to the nitro−nitrite isomerization. The TS for this path (TS2) is shown in Figure 1 and has a ZPE-corrected energy of only 35.7 kcal/mol. TS2 has a relatively long C−O bond (1.90 Å) but a short C−N bond (1.37 Å) that is shorter than the C−N bond length in the 2-nitro-2-propyl radical of 1.42 Å. The most striking difference between TS2 and TS1 is the inequality of the C−O and C−N bonds. The traditional nitro−nitrite isomerization (TS1) is effectively a rotation of the NO 2 group as the C−N bond breaks, where the center carbon forms a weak bond with both the N and O atoms. In contrast, in the 2-nitro-2-propyl radical, the TS for NO + acetone (TS2) has a weak C− O bond but maintains a C−N bond with a bond order higher than one. The IRC calculation for TS2 is shown in Figure 2 . Similar to the nitro−nitrite isomerization mechanism, this path also goes through an intermediate (INT2) that is a shoulder rather than a local minimum. In this case, however, the intermediate has a three-membered ring structure that does not exist in saturated nitroalkanes. The geometry of INT2 is detailed in Figure 1 and is illustrated on the corresponding IRC in Figure 2 . Again, this intermediate is not a true local minimum along the IRC because moving toward the NO radical product for this mechanism is highly exothermic, and thus, the IRC drops steeply after INT2 due to the formation of the CO bond. Interestingly, contrary to the nitrite isomer, in INT2, the C atom forms single bonds with both the N and O atoms while still maintaining the O−NO bond, yielding a threemembered ring. This ring has the expected geometric parameters of a three-center ring with a N−C−O angle of 68°. In order to confirm the presence of a closed cyclic structure, a natural bond order (NBO) analysis was performed at the B3LYP/6-311++g(3df,2p) level for INT2 and every point on the IRC subsequent to its formation. The NBO results confirm that at INT2, there are two-electron bonds between all three atoms involved in the ring and a bond between the N and the remaining O atom with a bond order greater than one. As the IRC progresses past INT2, the NBO calculations show electron density transferring from the C−N and O−NO bonds (on the ring) to the C−O and NO bonds. Eventually, this leads to a structure that resembles a ketone moiety interacting loosely with a NO group. However, beyond INT2 along the IRC, the repulsive force (giving a steep downhill slope) is between the C and the N atoms rather than between the N and the O atoms in INT1.
The significant difference in energy between TS1 and TS2 ensures that TS2 will dominate over TS1 kinetically; therefore, NO loss comes exclusively from the three-membered ring mechanism. Forming TS1 requires substantial stretching of the C−N bond and decreases the effectiveness of the radical delocalizing through the NO 2 group, thus forcing more radical character on the carbon. This results in a high (∼62 kcal/mol) barrier for nitro−nitrite isomerization. In nitroalkanes, this barrier is near in energy to simple C−N bond fission; in contrast, the C−NO 2 bond fission in the 2-nitro-2-propyl radical is actually 15 kcal/mol higher than TS1 due to the resulting carbene. TS2, however, has a shorter C−N bond than the reactant, allowing the radical to shift its delocalization from the planar C−NO 2 moiety in the 2-nitro-2-propyl radical to delocalization into the C−NO moiety instead. In addition, one of the NO bonds is now longer than the other, allowing the O atom to begin forming a σ bond with the center C atom. In our extensive experimental investigation of the dissociation dynamics of the 2-nitro-2-propyl radical, 7 we discovered that this new mechanism for NO loss, from a three-membered ring rather than a nitrite intermediate, competes effectively with all other unimolecular dissociation channels. Specifically, this lower barrier to NO loss dominated over NO 2 loss, effectively suppressing any NO 2 production from the radical (our full paper 7 details a second mechanism for NO 2 loss, which is lower in energy than the C−NO 2 bond fission but still cannot compete with NO loss). This is demonstrated by the lack of signal arising from NO 2 loss from the 2-nitro-2-propyl radical in the m/e = 46 (NO 2 + ) time-of-flight (TOF) spectrum obtained on our crossed laser-molecular beam scattering apparatus shown in Figure 3 . Using momentum conservation, the entirety of the signal from 130 to 200 μs is attributed to NO 2 fragments arising from primary C−N bond photofission in the 2-bromo-2-nitropropane precursor. The NO product from the 2-nitro-2-propyl radical (via TS2) is shown by the contribution fit by the blue line in the m/e = 30 (NO + ) TOF (Figure 4 ). These NO fragments are formed with significant translational energy in this highly exothermic pathway. This channel is the only way of producing fragments with high enough kinetic energies to fit the fast peak in the m/e = 30 TOF. If TS1 were the only TS leading to NO production, we would expect extensive generation of NO 2 because the barrier to produce NO 2 via a 1,2-hydrogen transfer is only 43.4 kcal/mol (∼19 kcal/mol lower than TS1). Furthermore, the exceptionally low energy of the barrier of TS2 allows NO loss to compete with HONO elimination. Because the barrier to produce HONO is merely 31.6 kcal/mol, this channel should dominate over TS1 and NO 2 production. In our experimental study, however, we found significant production of both HONO and NO, which suggests that the barrier to NO production (TS2) is fairly close to 31.6 kcal/mol.
In this study, we present a novel mechanism for NO loss from nitroalkyl radicals that circumvents the traditional higherenergy nitro−nitrite isomerization. This mechanism can occur in nitroalkyl radical species and has a ∼27 kcal/mol lower barrier than the nitro−nitrite mechanism. This TS maintains a strong C−N bond throughout isomerization to a ring structure as opposed to the long C−N bonds present in the nitro−nitrite isomerization TSs in nitroalkanes. The lower-energy path does not pass through a nitrite intermediate but rather forms a threemembered ring involving the C, N, and O atoms. In addition, our experimental study on the 2-nitro-2-propyl radical 7 shows that the addition of this new pathway for producing NO effectively stifles, due to its extremely low barrier, any NO 2 loss. Although this new TS is only available to radicals, it may be applicable to larger energetic materials with geminal dinitro groups whose thermal decomposition mechanisms begin with the loss of one NO 2 , thus forming nitroalkyl radical centers. This new mechanism for NO loss may be responsible for the production of NO and release of thermal energy in energetic materials possessing a nitroalkyl radical center due to its extremely low barrier energy and high exothermicity.
■ EXPERIMENTAL METHODS
A crossed laser-molecular beam scattering apparatus was used to take the majority of the data presented herein. The methodology is described in detail in the full experimental paper on this system. 7 Briefly, 2-bromo-2-nitropropane is seeded in helium to a total pressure of 400 Torr and supersonically expanded through a continuous nozzle (d = 0.15 mm) heated to 150°C. The beam passes through two skimmers into the main chamber where it is intersected at a right angle by unpolarized 193 nm photons from a Lumonics PM-848 excimer laser. The laser is focused to a ∼6 mm 2 spot with pulse energies of ∼2−3 mJ at the interaction region. Following the photodissociation, any fragments that have a net velocity vector (the vector sum of the molecular beam velocity and the velocity imparted during the primary photodissociation and the subsequent dissociation events) within the 1.5°a cceptance angle of an electron bombardment detector travel 45 cm from the interaction region into the detector. Here, the fragments are ionized via 200 eV electron bombardment. 9 The ions are accelerated and focused with an electrostatic lens system into a quadrupole mass spectrometer where they are mass-selected and then detected via a Daly detector. 10 The signal is binned with respect to the total flight time (neutral + ion) in 2 μs increments and recorded using a multichannel scalar. All TOF spectra presented in this study represent the neutral TOF, where the ion flight time has been subtracted out using the ion flight constant for the apparatus of 4.5 μs·amu −1/2 . The speed distribution of the molecular beam is characterized by sending the beam directly on axis with the detector through a chopper wheel spinning at 300 Hz.
